
~
.

...'...
Form Approved

REPORT DOCUMENTATION PAGE OMB NO. 0704-0188

Public Reporting burden for this collection of information is estimated to average 1 hour per response, illCluding the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reViewing the collection of infonnatlon. send comment regarding this burden estimates or any other aspect of tlIis collection
of infonnation, illCluding suggestions for reducing this burden, to Washington Headquarters Services. Directorate for infonnation Operations and Reports, 1215 JeftersOl1 Davis Highway.
Suite 1204, Arlington, VA 22202-4302 and to the OffIce of Manatrement and Budget, Paoerwork Reduction PrQiect (0704-0188,) Washington, DC 20503.

1. AGENCY USE ONLY ( Leave Blank) 2. REPORT DATE 08/23/05 3. REPORT TYPE AND DATES COVERED
Final; June I, 2002 - May 31, 2005

4. TITLE AND SUBTITLE 5. FUNDlNG NUMBERS
Quantum Computing Graduate Research Program: Gradiometer INSQUID DAAD 19-02-1-0187

6. AUTHOR(S)
John Clarke

7. PERFORMING ORGANIZATlON NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Univenity ofCalifumia, Berkeley REPORT NUMBER
336 Sproul Hall #5940 ARO/JC/05
Berkeley, CA 94720-5940

9. SPONSORING I MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPoNSORING I MONITORING
AGENCY REPORT NUMBER

U. S. Anny Research Office
P.O. Box 12211
Research Triangle Park, NC 27709-2211

4LtoSQ .. q- P~-QC-
11. SUPPLEMENTARY NOTES

The views, opinions and/or findings contained in this report are those ofthe author(s) and should not be construed as an official
Department ofthe Anny position, policy or decision, unless so designated by other documentation.

12 a. DISTRIBUTION I AVAILABILITY STATEMENT 12 b. DISTRIBUTION CODE

Approved for public release; distribution unlimited.

13. ABSTRACT (Maximum 200 words)

This project is focused on developing flux qubits, understanding sources of relaxation and decoherence, and investigating entanglement of two
qubits. This report describes our progress toward these goals over the last three years. We outline the infrastructure ofour experiment and chip
fabrication process, and describe a novel, dual-current source source to supply two independent flux biases to the qubits and readout SQUID. We
present results showing quantum coherence in a flux qubit, including spectroscopy, Rabi oscillations, Ramsey fringes, spectroscopic Iinewidths, and
spin echoes. The different kinds of decoherence times deduced from the last three experiments are shown to be self-<:onsistent. We summarize a
study ofthe effects ofnonequilibrium quasiparticles generated in the readout SQUID when it switches to the voltage state. These excess
quasiparticles are shown to persist for a remarkably long time, about I ms, and tb.us set an upper limit on the repetition rate at which data can be
acquired. We describe the theory ofa novel device for entangling two flux qubits by means ofa single SQUID that serves also as the readout device.
It is shown that this scheme is in principle capable of the CNOT (Controlled NOT) operation.
14. SUBJECT TERMS IS. NUMBER OF PAGES

Quantum computing, flux qubits, variable inductance coupling, entanglement ofqubits, single-shot 18
readout, relaxation and decoherence ofqubits, back-action, hot quasiparticles.

16. PRICE CODE

17. SECURITY CLASSIFICATION \18. SECURITYCLASSIFICATlON 119. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OR REPORT ON THIS PAGE OFABSTRACf UUUNCLASSIFIED UNCLASSIFIED UNCLASSIFIED

NSN 7540-01 -280-5500 Standard Form 298 (Rev.2-89)
Prescribed by ANSI Std. 239-18
298·[02



e>.--- -:-- -------------------.,

REPORT DOCUMENTATION PAGE (SF298)
(Continuation Sheet)

Papers and Presentations
(a) Manuscripts submitted: None.
(b) Papers published:

1. Flux Qubit Completes the Hat Trick, John Clarke, Science 299, 1850 (2003).

2. Vortices and Hearts, John Clarke, Nature News and Views, 425, 133 (2003).

3. Low-Noise Computer-Controlled Current Source for Quantum Coherence Experiments, S. Linzen, T.L. Robertson, T. Hime,
B.L.T. Plourde, P.A. Reichardt, and John Clarke, Rev. Sci. Instrum. 75,2541 (2004).

4. Decoherence in Josephson-junction Qubits due to Critical Current Fluctuations, D.l Van Harlingen, T.L. Robertson, B.L. T.
Plourde, P.A. Reichardt, T.A. Crane, and John Clarke, Phys. Rev. B, 70, 064517 (2004).

5. Entangling Flux Qubits with a Bipolar Dynamic Inductance, B.L.T. Plourde, l Zhang, K.B. Whaley, F.K. Wilhelm, T.L.
Robertson, T. Hime, S. Linzen, P.A. Reichardt, C.-E. Wu and John Clarke, Phys. Rev. B, 70, 140501 (2004).

6. Measurements ofl/fNoise in Josephson Junctions at Zero Voltage: Implications for Decoherence in Superconducting
Quantum Bits," Michael Muck, Matthias Koro, C.G.A. Mugford, J.B. Kycia and John Clarke, Appl. Phys. Lett., 86, 012510 (2005).

7. Superconducting Quantum Interference Device with Frequency-Dependent Damping: Readout of Flux Qubits, T.L.
Robertson, B.L.T. Plourde, T. Hime, S. Linzen, P.A. Reichardt, F.K. Wilhelm and John Clarke, Phys. Rev. B, 72, 024513-023521
(2005).

8. Flux Qubits and Readout Device with Two Independent Flux Lines, B.L.T. Plourde, T.L. Robertson, P.A. Reichardt, T.
Hime, S. Linzen, C.-E. Wu and John Clarke, Phys. Rev. B, 72, 060506 (2005).

(c) Papers published in conference proceedings: None
(d) Papers presented at meetings:

1. "Critical Current l/fNoise in Josephson Junctions: Implications for Flux Qubits," John Clarke, AFOSR Review, Cambridge,
MA, July, 2002

2. "RC-shunted SQUIDs for Single-shot Measurement of Flux Qubits," invited talk, B.L.T. Plourde, T.L. Robertson, P.A.
Reichardt, T. Hime, D.l Van Harlingen, J. Clarke, Applied Superconductivity Conference, Houston, TX, August 9, 2002.

3. "Characterization and implications oflow frequency noise in superconducting phase qubits," invited talk, D.l Van
Harlingen, B.L.T. Plourde, T.L. Robertson, P.A. Reichardt, R. Therrien, J. Clarke, LT 23, Hiroshima, Japan, August, 2002.

4. "Decoherence in Flux Qubits due to l/fNoise," T.L. Robertson, D.J. Van Harlingen, B.L.T. Plourde, P.A. Reichardt and l
Clarke, March Meeting of the American Physical Society, Austin, Texas, March 3-7, 2003.

5. "RC-Shunted SQUIDs for Single-Shot Measurement of Flux Qubits," B.L.T. Plourde, T.L. Robertson, T. Hime, S. Linzen,
P.A. Reichardt, l Clarke and D.l Van Harlingen, March Meeting of the American Physical Society, Austin, Texas, March 3-7, 2003.

6. "Critical Current l/fNoise in Josephson Junctions: Implications for Flux Qubits," Tim Robertson, Britton Plourde, Paul
Reichardt, Dale Van Harlingen and John Clarke, invited talk by John Clarke at Wilhelm und Else Heraeus-Stiftung Seminar,
"Challenges of Applied Cryoelectrics II" Weilburg, Germany, May 26-28, 2003.

7. "1/fNoise in the Critical Current of Josephson Junctions: Implications for Flux Qubits," John Clarke, seminar, Department of
Microtechnology and Nanoscience, Chalmers University of Technology, Gothenburg, Sweden, June 16,2003.

8. "Progress in Flux Qubits," John Clarke, seminar, Department of Microtechnology and Nanoscience, Chalmers University of
Technology, Gothenburg, Sweden, June 16,2003.



..
9. ':Use ofRC-Shunted SQUIDs for Single-Shot Readout of Flux Qilbits," T.L. Robertson, B.L.T. Plourde, S. Linzen, P.A.
Reichardt, T. Rime, and 1. Clarke, 9th International Superconductive Electronics Conference (lSEC 2003), Sydney, Australia, July 7
11,2003.

10. "Decoherence in Superconducting Qubits from l/fNoise," D.J. Van Harlingen, TA Crane, B.L.T. Plourde, T.L. Robertson
P.A. Reichardt and John Clarke, invited talk by Dale Van Harlingen, Sixth European Conference on Applied Superconductivity
(EUCAS), Sorrento, Italy, September 14-18,2003.

11. "Backaction in SQUID-Readout of a Flux Qubit," John Clarke, invited talk at the International Conference on Solid State
Quantum Information Processing, Amsterdam, The Netherlands, December 19,2003

12. "Macroscopic Quantum Coherence In Superconducting Devices: Flux Qubits," Britton Plourde, Syracuse University, Physics
Colloquium, February 3, 2004.

13. "The Ubiquitous Flux Vortex: SQUIDs, Qubits and Dynamics," Britton Plourde, Syracuse University, Condensed Matter
Seminar, February 4, 2004.

14. "Quantum Coherence in Nanoscale Superconducting Devices: Flux Qubits," Britton Plourde, University of Massachusetts,
Condensed Matter Seminar, February 17, 2004.

15. "Quantum Coherence In Nanoscale Superconducting Devices: Flux Qubits," Britton Plourde, University of Minnesota,
Condensed Matter Seminar, February 19,2004.

16. "Flux Qubits: Readout, Hot Electrons and Adjustable Coupling," John Clarke, invited talk, International Symposium on
Mesoscopic Superconductivity and Spintronics, Atsugi, Japan, March 4, 2004.

17. "Spectroscopy of Large Inductance Flux Qubits," T.L. Robertson, T. Hime, S. Linzen, B.L.T. Plourde, P.A. Reichardt, C.E.
Wu, F.K. Wilhelm and John Clarke, March Meeting of the American Physical Society, Montreal, Canada, March 22-26, 2004.

18. "Back-Action of RC-Shunted SQUID on Three-Junction Flux Qubit," T. Hime, S. Linzen, B.L.T. Plourde, P.A. Reichardt,
T.L. Robertson, C.E. Wu, F.K. Wilhelm and John Clarke, March Meeting of the American Physical Society, Montreal, Canada, March
22-26, 2004.

19. "Variable Coupling Scheme for Entangling Flux Qubits," B.L.T. Plourde, J. Zhang, T.L. Robertson, T. Hime, S. Linzen, PA
Reichardt, C.E. Wu, K.B. Whaley, F.K. Wilhelm and John Clarke, March Meeting of the American Physical Society, Montreal,
Canada, March 22-26, 2004.

20. "Decoherence of Flux Qubits Due to Hot Quasiparticles in Readout SQUID," P.A. Reichardt, T. Hime, S. Linzen, B.L.T.
Plourde, T.L. Robertson, C.E. Wu, F.K. Wilhelm and John Clarke, March Meeting of the American Physical Society, Montreal,
Canada, March 22-26, 2004.

21. "Dephasing from l/fCritical Current Fluctuations in Superconducting Qubits," T.A. Crane, DJ. Van Harlingen, T.L.
Robertson, B.L.T. Plourde, P.A. Reichardt and John Clarke, March Meeting of the American Physical Society, Montreal, Canada,
March 22-26, 2004.

22. "Measurements of the VfNoise in Josephson Junctions for Potential Use as Qubits," Chas Mugford, Jan Kycia, Matthias
Korn, Michael Mueck and John Clarke, March Meeting of the American Physical Society, Montreal, Canada, March 22-26,2004.

23. "Flux Qubits: Controllable Coupling, Adjustable Relaxation Rate and VfNoise," John Clarke, plenary invited talk, IV
International Conference on Macroscopic Quantum Coherence and Computing, Napoli, Italy, June 7-10, 2004.

24. Conference Summary, John Clarke, invited closing address, IV International Conference on Macroscopic Quantum
Coherence and Computing, Napoli, Italy, June 7-10, 2004.

25. "Large Inductance Flux Qubits: Coherent Manipulation and Controllable Coupling," John Clarke, Quantum Computing
Program Review, Orlando, Florida, August 16-20,2004.

26. "Back-Action of RC-Shunted SQUID on Three-Junction Flux Qubit," T. Hime, S. Linzen, B.L.T. Plourde, P.A. Reichardt,
T.L. Robertson, C.-E. Wu, F.K. Wilhelm and John Clarke, Quantum Computing Program Review, Orlando, Florida, August 16-20,
2004.



...

27. "Superconducting flux qubits: readout, dynamics, and coupling,'fBritton L.T. Plourde, John Clarke, Travis Hime, Sven
4 Linzen, Paul Reichardt, Tim Robertson, Birgitta Whaley, Frank Wilhelm, Cheng-En Wu, Jun Zhang, International Workshop on Solid

State Based Quantum Information Processing, Herrsching, Bavaria, September 13-17, 2004.

28. "Superconducting flux qubits: readout, dynamics, and coupling," Britton L.T. Plourde, John Clarke, Travis Hime, Sven
Linzen, Paul Reichardt, Tim Robertson, Birgitta Whaley, Frank Wilhelm, Cheng-En Wu, Jun Zhang, Quantum Information Science
Seminar, Department of Physics, University of Illinois at Urbana-Champaign, September 29,2004.

28. "Measurements of the l/fNoise in Josephson Junctions for Potential Use as Qubits," Chas Mugford, Jan Kycia, Matthias
Korn, Michael MUck and John Clarke, October 6,2004, "Harnessing the Magic," Applied Superconductivity Conference,
Jacksonville, Florida, October 3-8, 2004.

30. "Superconducting Flux Qubits: Coherent Oscillations, Controllable Coupling and l/fNoise," John Clarke, seminar,
University of Karlsruhe, Karlsruhe, Germany, November 10,2004.

31. "Superconducting Flux Qubits: Coherent Oscillations and Controllable Coupling," John Clarke, seminar, Department of
Physics, University ofCopenhagen, Denmark, November 16,2004.

32. "Superconducting Flux Qubits: Coherent Oscillations, Controllable Coupling and l/fNoise," John Clarke, seminar, NEC
Tsukuba, Japan, November 19,2004.

33. "Large Inductance Flux Qubits: Coherent Manipulation and Controllable Coupling," John Clarke, invited talk, Wilhelm and
Else Heraeus-Seminar, Processing o/Quantum lriformation in RSFQ Circuits and Qubits, Bad Honnef, Germany, November 29,
2004.

34. "Flux Qubits and Readout Device with Two Independent Flux Lines," RL.T. Plourde, T.L. Robertson, T. Hime, P.A.
Reichardt, C.-E. Wu and John Clarke, March Meeting ofthe American Physical Society, Los Angeles, California, March 21-25,2005.

35. "Quantum Coherence in a Superconducting Flux Qubit," T. Hime, B.L.T. Plourde, P.A. Reichardt, T.L. Robertson, C.-E. Wu
and John Clarke, March Meeting of the American Physical Society, Los Angeles, California, March 21-25,2005.

36. "Measurements of Dephasing in Superconducting Flux Qubits," C.-E. Wu, T. Hime, B.L.T. Plourde, PA Reichardt, T.L.
Robertson and John Clarke, March Meeting of the American Physical Society, Los Angeles, California, March 21-25, 2005.

37. "Measurements ofRelaxation in Superconducting Flux Qubits," P.A. Reichard, T. Hime, B.L.T. Plourde, T.L. Robertson, C.-
E. Wu and John Clarke, March Meeting of the American Physical Society, Los Angeles, California, March 21-25,2005.

38. "Flux Qubits and Readout Device with Two Independent Flux Lines," RL.T. Plourde, T.L. Robertson, T. Hime, S. Linzen,
PA Reichardt, C.-E. Wu, John Clarke, K. Birgitta Whaley, J. Zhang, and Frank Wilhelm, "Solid State and Optics" seminar, Yale
University, "April 6, 2005.

39. "Large-Inductance Superconducting Flux Qubits: Coherent Oscillations and Controllable Coupling", John Clarke, seminar,
M.LT., Cambridge, Massachusetts, April 11, 2005.

40. "Large-Inductance Superconducting Flux Qubits: Coherent Oscillations and Controllable Coupling," John Clarke, seminar,
Physics Department, Michigan State University, East Lansing, Michigan, April 25, 2005.

41. "Large-Inductance Superconducting Flux Qubits: Coherent Oscillations and Controllable Coupling," John Clarke, seminar,
Interdisciplinary Research Center for Superconductivity, University ofCambridge, England, May 3, 2005.

42. "Flux Qubits and Readout Device with Two Independent Flux Lines," B.L.T. Plourde, T.L. Robertson, T. Hime, S. Linzen,
P.A. Reichardt, C.-E. Wu, John Clarke, K. Birgitta Whaley, J.Zhang, and Frank Wilhelm, seminar, Institute for Quantum Computing,
University ofWaterloo, IQC Seminar, May 9, 2005.

43. "Superconducting Flux Qubits; Quantum Coherence in a Macroscopic Circuit," John Clarke, invited talk, Science Day 2005,
Lawrence Livermore National Laboratory, May 23, 2005.



Table of Contents
Page

I. Introduction 1

II. Experimental Configuration .....................................................................•................1

III. Quantum Coherence in a Flux Qubit , 5

IV. Effect ofHot Quasiparticles in the Readout SQUID on the Relaxation Time of a Flux Qubit 7

V. Entangling Flux Qubits with a Bipolar Dynamic Inductance 9

VI. Concluding Remarks 12

VII. References 13

List of Illustrations (Figures)

1. Experimental configuration.
2. Schematic ofcurrent source.
3. Chip layout and photograph.
4. Spectroscopy of flux qubit.
5. Rabi oscillation measurements.
6. Ramsey fringe measurements.
7. Spectroscopic linewidth measurements.
8. Echo-corrected Ramsey fringes.
9. Qubit relaxation time vs. repetition time.
10. Microwave and SQUID current pulse scheme and resultant quasiparticle density.
11. SQUID-based coupling scheme.
12. Variation of coupling with SQUID bias current.
13. Pulse sequence for CNOT gate.
14. Chain of flux qubits with dc SQUIDs.

Technical Reports Submitted to ARO

1. Interim report dated 5/15/03 for period 6/1/02 to 12/31/02
2. Interim report dated 3/18/04 for period 1/1/03 to 12/31/03
3. Interim report dated 9/30/04 for period 1/1/04 to 7/31/04.

List of participating scientific personnel

Travis Hime, Graduate Student. No advanced degrees earned while employed on the project.



I. Introduction

This project is concerned with the fabrication and investigation of superconducting flux qubits,
particularly with regard to the effects of dissipation on their relaxation and decoherence, and to the
entanglement of two qubits. This final report summarizes the progress that we have made towards
achieving these goals over the last three years. Section II outlines the infrastructure of our experiment,
including the dilution refrigerator, the electrical filtering of the various leads associated with the
measurements, a novel, dual-current source to supply two independent flux biases to the qubits and readout
SQUID, the chip layout, and the fabrication process. Section III describes our results on achieving
quantum coherence in a flux qubit, including spectroscopy, Rabi oscillations, Ramsey fringes,
spectroscopic linewidths, and spin echoes. The different kinds of decoherence times deduced from the last
three experiments are shown to be self-consistent. Section IV describes a study of the effects of
nonequilibrium quasiparticles generated in the readout SQUID when it switches to the voltage state. These
excess quasiparticles are shown to persist for a remarkably long time, about I ms, and thus set an upper
limit on the repetition rate at which data can be acquired. Section V describes the theory of a novel device
for entangling two flux qubits by means of a single SQUID that serves also as the readout device. It is
shown that this scheme is in principle capable of the CNOT (Controlled NOT) operation. Section VI
contains our concluding remarks.

II. Experimental Configuration

In order to observe quantum coherence in a superconducting circuit, it is necessary not only to
cool it to low temperatures-say, a few tens of millikeIvin-but also to isolate it from thermal and
environmental noise generated at room temperature and at lower temperatures within the refrigerator itself.
Thus, one needs to design a series of filters and attenuators that provide large levels of attenuation at room
temperature, 4.2 K and certain temperatures between 4.2 K and the temperature of the experiment.
Furthermore, it is of great importance that the qubit and its readout SQUID (Superconducting Quantum
Interference Device) are coupled to impedances that are high enough to ensure that any Johnson noise
currents injected into the quantum circuit are unimportant yet devoid of parasitic resonances at frequencies
relevant to the operation of the qubit, typically a few gigahertz.




























